Abstract This article presents the core methodological ideas and empirical assessments of an extended cohort-component approach (known as the "ProFamy model"), and applications to simultaneously project household composition, living arrangements, and population sizes-gender structures at the Demography (2013) to 2000 using this approach with census counts in 2000 for each of the 50 states and Washington, DC show that 68.0 %, 17.0 %, 11.2 %, and 3.8 % of the absolute percentage errors are <3.0 %, 3.0 % to 4.99 %, 5.0 % to 9.99 %, and ≥10.0 %, respectively. Another analysis compares average forecast errors between the extended cohort-component approach and the still widely used classic headshiprate method, by projecting number-of-bedrooms-specific housing demands from 1990 to 2000 and then comparing those projections with census counts in 2000 for each of the 50 states and Washington, DC. The results demonstrate that, compared with the extended cohort-component approach, the headship-rate method produces substantially more serious forecast errors because it cannot project households by size while the extended cohort-component approach projects detailed household sizes. We also present illustrative household and living arrangement projections for the five decades from 2000 to 2050, with medium-, small-, and large-family scenarios for each of the 50 states; Washington, DC; six counties of southern California; and the Minneapolis-St. Paul metropolitan area. Among many interesting numerical outcomes of household and living arrangement projections with medium, low, and high bounds, the aging of American households over the next few decades across all states/areas is particularly striking. Finally, the limitations of the present study and potential future lines of research are discussed.
Introduction
There is a growing demand for projections of the distribution of household types, sizes, and living arrangements for socioeconomic planning, environment, development, business and market research, and policy and scholarly analysis (Keilman 2003; Liu et al. 2003; Lutz and Prinz 1994; Mackellar et al. 1995; Moffitt 2000; Myers et al. 2002) . For example, past research has established that household status and living arrangements are two of the major determinants of the amount and type of long-term care for the elderly (e.g., Federal Interagency Forum on Aging Related Statistics (FIFARS) 2004; Freedman 1996; Soldo et al. 1990) . With rapid population aging in many countries around the world, the importance of elder care research and planning is growing quickly, which creates a strong demand for projections of household and elderly living arrangements (Goldscheider 1990; Himes 1992) .
In recent years, more researchers and policymakers are demanding demographic projections at subnational levels, which are useful for distributing government funds and resources, planning the development of infrastructure and public facilities, market research and planning for household-related goods and services, and decisions on the expansion or reduction of local businesses (Crowley 2004; Ip and McRae 1999; Rao 2003; Swanson and Pol 2009; Treadway 1997). in the sense that the ProFamy model simultaneously projects households, living arrangements, and population age/sex distributions. Prior assessments of the accuracy of projections at the national level from 1990 to 2000 using the ProFamy model show that forecast errors measured by discrepancies between the projected values and the U.S. 2000 census observations are reasonably small, validating the ProFamy model (Zeng et al. 2006) . Similar validation tests of projections of Chinese households, living arrangements, and population from 1990 to 2000 have shown that the discrepancies between the projected and the 2000 census observations are again within a reasonable range (Zeng et al. 2008) . It thus has been established that the ProFamy method for producing household, elderly living arrangement, and population projections works reasonably well at the national level.
The question remains, however, as to whether the ProFamy extended cohortcomponent model also works well for subnational areas, which may not have their own observed age-/sex-/race-specific demographic rates. Motivated by the growing scientific and practical needs, this article further develops, applies, and empirically evaluates the extended cohort-component model for household and living arrangement projections at the subnational level. 3 The next section describes the core ideas of the ProFamy model. The third section discusses data and estimation issues. The fourth section presents empirical validation tests of projections from 1990 to 2000 by comparing projected with census counts in 2000, using the ProFamy model for each of the 50 states 3 The "subnational level" referred in this article does not include small counties/cities/towns and other kinds of small areas (possibly even tracts or block groups) that do not have reasonably reliable data from which to estimate the demographic summary parameters. 
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ProFamy extended cohort component Headship rate household projection, using approach for household and population cross-sectional extrapolation of age-specific projection, using demographic rates as input headship rates without link to demographic rates a b Fig. 1 A comparison of the basic framework of the ProFamy extended cohort-component approach and the headship-rate method and Washington, DC. We also compare average forecast errors of several major indices of the headship-rate method and the ProFamy approach, both applied to project household housing demands by number of bedrooms from 1990 to 2000 with results compared with the census counts in 2000 for each of the 50 states and Washington, DC. The fifth section describes a summary of illustrative households and living arrangement projections in the United States, with medium-, small-, and large-family scenarios from 2000 to 2050 for each state; Washington, DC; each of the six counties of southern California ("SC" hereafter); and the Minneapolis-St. Paul metropolitan area (abbreviated as "M-S area" hereafter). A discussion and conclusion section ends the article.
Core Ideas of the Extended Cohort-Component Model
The ProFamy model is built on four core ideas: (1) a multistate accounting model; (2) distinguishing continuously occurring from periodic demographic accounting processes; (3) judicious use of independence assumptions; and (4) using national model standard schedules and summary parameters at the subnational level to specify projected demographic rates of a subnational area in future years.
Core Idea 1: A Multistate Accounting Model
The innermost core of the ProFamy model is a multistate accounting model for transforming the marital/union statuses and coresidence with children and parents statuses of members of a population in year t into their corresponding statuses in year t + 1. In the ProFamy model, groups of individuals are the basic units of the analysis, and all individuals of the population are grouped and projected forward by age, sex, marital/union status, parity, and number of coresiding children and parents; consequently, only conventional and normally available census, surveys, and vital statistics data are required (Zeng et al. 2006 ). The ProFamy model uses groups of individuals as the units of analysis, in contrast with the groups of households used in most other macrosimulation models for household projections, because using households as units of analysis requires data on transition probabilities among household-type statuses-data that have to be collected in special surveys because they are not available in vital statistics, censuses, or ordinary surveys (Keilman 1988; Van Imhoff and Keilman 1992) . This strong data requirement is an important factor in the slow development and infrequent application of these models (Van Imhoff et al. 1995) . Furthermore, household status transition-based models cannot directly link changes in household structure to demographic rates. Thus, identifying the effects of demographic factors on changes in household structure is difficult for such a model. In addition to identifying the individual members of a population by single years of age, sex, race, and rural-urban residence (optional), the ProFamy model keeps track of changes in individuals' living arrangements, including marital/union status, statuses of coresidence with one or two parent(s), and number of coresiding children in each year of the projection. To derive the distributions of household types and sizes, we follow Brass's (1983) basic concept of using a marker or reference person to identify and classify households based on the individuals' marital/union and coresidence statuses with parents/children. For example, a married or cohabiting woman who is not coresiding with parents (k 0 0) and whose number of coresiding children is c (c 0 0,1,2,3,4,5+; c > 0 in this example) is a reference person representing a two-generation and couple household of 2 + c family members. If this married or cohabiting woman's status of coresidence with parents is 1 (k 0 1, living with one parent) or 2 (k 0 2, living with two parents), she represents a three-generation household with a size of 2 + c + k. If the reference person is not married and not cohabiting (can be a man 4 or a woman), he or she is the reference person for a single-parent household of 1 + c family members.
Core Idea 2: Distinguishing Continuously Occurring From Periodic Demographic Accounting Processes
With the model design and individual statuses identified, a conventional multistate computation strategy would require estimation of very high dimensional matrices of cross-status transition probabilities. For example, if seven marital/union statuses, 5 three statuses of coresidence with parents (i.e., k 0 0, 1, 2), six parities (i.e., parity 0, 1, 2, 3, 4, 5+), and six coresidence statuses with children are distinguished as in the U.S. household and living arrangement projections of Zeng et al. (2006) )) elements 6 at each age of each sex for each race group. This is certainly not practical because it would be impossible to have a sufficiently large data set with appropriate sizes of the subsamples to reasonably estimate so many elements of the cross-status transition probabilities matrix at each age of each sex for each race group, although there are considerable numbers of structural zero elements, such as transitions to lower parity. Thus, we adopt a computational strategy of calculating changes in individual group marital/union, coresidence (with parents/children), migration, and survival status by assuming the following: (a) births occur throughout the first and second half of the single-year age interval, and (b) marital/union status changes, leaving parental home, migration, and death occur in the middle of the age interval (see Fig. 2 ). This strategy, which was originally proposed by Bongaarts (1987) and further justified mathematically and numerically by Zeng (1991:61-63, 80-84) , circumvents the problems of estimating huge matrices of cross-status transition probabilities.
Core Idea 3: Judicious Use of Independence Assumptions
Coupled with Core Idea 2, the third core idea of the ProFamy model greatly simplifies the estimation of the multistatus transition probabilities. This idea, also originally suggested by Bongaarts (1987) and adapted and generalized by Zeng et al. (1997 Zeng et al. ( , 1998 , is that not all elements of the transition probability matrix depend on many of the other elements; and, 4 A married or cohabiting man cannot be a reference person because we already chose the married or cohabiting woman as the reference person, and one household cannot have two reference persons. 5 The seven marital/union statuses are (1) never-married and not cohabiting, (2) married, (3) widowed and not cohabiting, (4) divorced and not cohabiting, (5) never-married and cohabiting, (6) widowed and cohabiting, and (7) divorced and cohabiting. 6 Because number of coresiding children is equal to or less than parity, the number of composite statuses of parity and coresiding children is ) rather than (6 × 6).
indeed, some of their real-world dependencies are sufficiently small enough that they can be reasonably assumed to be independent. In other cases, the reality of limited data sources available for estimation of transition probabilities that depend on many other covariates forces the application of an independence assumption. In either case, the consequences of the independence assumption are that either (a) some statuses do not affect or condition the risks of transition between other statuses or (b) marginally or partially conditioned estimates of risk for each of two or more statuses can be multiplied to estimate the corresponding transition probabilities. More specifically, in the extended cohort-component model, marital/union status transitions depend on age, sex, and race but are assumed to be independent of parity and coresidence status with parents and children 7 ; fertility rates depend on age, race, parity, and marital/union status but are assumed to be independent of coresidence status with parents and children; mortality rates are age-, sex-, race-, and marital-/unionstatus-specific but are assumed to be independent of parity and coresidence status with parents and children; the probability of two parents dying in the same year is estimated by multiplying the corresponding probabilities of death of the mother and father; and the probability of more than one child leaving home in the same year is estimated by multiplying the corresponding probabilities of leaving home of each child.
Core Idea 4: Using National Model Standard Schedules and Summary Parameters at the Subnational Level to Specify Projected Demographic Rates of a Subnational Area in Future Years Data for estimating race-/sex-/age-specific standard schedules of the demographic rates of fertility, mortality, marriage/union formation and dissolution, and leaving the parental home (see panel 2-I in Table 1 ) may not be available at the subnational level. However, after the age-/race-/sex-specific standard schedules at the national level are prepared (and updated when new data become available), 8 they can be employed as model 7 Ideally, one may wish to differentiate the marital-/union-status transition probabilities by parity and coresidence status with children. Such differentiation is, however, not practically feasible because it would require a data set with a very large sample size (not available to us currently but not theoretically impossible at some future time point for some specific populations) for estimating the parity-/coresidence-/maritalstatus-/union-status-specific transition probabilities at each single age for men and women of each race group, with a reasonable accuracy. 8 With the model standard schedules in hand, analysts can concentrate on projecting future demographic summary parameters. This can be done by using conventional time series analysis by statistical software (e.g., SAS, SPSS, or STATA) or expert opinion approach. Time series data on other related socioeconomic covariates (e.g., average income, education, urbanization) also can be used in projecting the demographic summary parameters.
Changes in marital/union, coresidence with parents/children, migration and survival statuses occurring in the middle of age interval (x,x + 1)
Changes in parity and maternal statuses Changes in parity and maternal statuses occurring in the 1 st half of the single age interval occurring in the 2 nd half of the single age interval Fig. 2 Computational strategy to calculate changes in marital/union, coresidence with parents/children, migration, and survival statuses (2006) and Zeng et al. (2012) . c. Race-/age-/parity-specific o/e rates of marital and nonmarital fertility.
d. Race-/sex-/age-specific net rates of leaving the parental home, estimated based on two adjacent census microdata files and the intracohort iterative method (Coale 1984 (Coale , 1985 Stupp 1988; Zeng et al. 1994) .
d: The 1990 and 2000 censuses microdata files.
e. Race-/sex-/age-specific rates of international immigration and emigration.
e: Census 5 % microdata files.
2-II. Model standard schedules at subnational level
f. Race-/sex-/age-specific rates of domestic in-migration and out-migration for the subnational regions (estimated based on the census data).
f: Census 5 % microdata, ACS data files.
g. Race-/age-/sex-specific proportion of persons who live in group quarters. g: Census data.
Demographic summary parameters for the nation and subnational regions
a. Race-specific general rates of marriage and divorce. a and b: Based on census microdata, vital statistics, and pooled survey data sets. b. Race-specific general rates of cohabitation union formation and dissolution.
c. Race-specific total fertility rates (TFR) by parity. c-f: Based on estimates released by the Census Bureau and the National Center for Health Statistics. d. Race-/sex-specific fife expectancies at birth.
e. Race-/sex-specific total numbers of male and female migrants f. Race-/sex-specific mean age at first marriage and births. g: Census 5 % microdata files. g. Race-/sex-specific proportion of those aged 45-49 who do not live with parents (measuring level of race-/sex-/age-specific net rates of leaving the parental home).
h: Census 5 % microdata files. h. Race-/household size-specific average number of other relatives (than spouse/partner, parents, and children) and nonrelatives living in the same household.
a If a sample data set is used, published 100 % census tabulations of age/sex/marital-status distributions of the entire population including those living in group quarters, as well as the aggregated numbers of households, will be used. This is to ensure accurate total population size and total numbers of households in the starting year of the projection, while the sample data set provides more detailed distributions. b The race dimension is distinguished in the U.S. household and living arrangement projections, but it can be omitted in the other countries' applications if the race differences are not crucial, the race-specific data are not available, or the subpopulation sizes of the minority race groups are too small. The rural-urban dimension can be included if the rural-urban differences are substantial and the rural-/urban-specific data are available, such as in the applications for China (Zeng et al. 2008 ).
standard schedules for projections at the subnational level. This is similar to the widely practiced application of model life tables (e.g., Coale et al. 1983; United Nations 1982) , the Brass logit relational life table model (e.g., Murray et al. 2003) , the Brass relational Gompertz fertility model (Brass 1974) , and other parameterized models (e.g., Coale and Trussell 1974; Rogers 1986 ) in population projections and estimations. Numerous studies have demonstrated that the relational parameterized models consisting of a model standard schedule and a few summary parameters offer an efficient and realistic way to project or estimate demographic age-specific rates (Booth 1984; Brass 1978; Paget and Timaeus 1994; Zeng et al. 1994) . The theoretical foundation of applications of the model life tables and the other model standard schedules is that the demographic summary parameters are crucial for determining changes in level and age pattern of the age-specific rates that affect the projections or estimations. At the same time, the projection and estimation results themselves are typically not highly sensitive to the race-/sex-/age-specific model standard schedules as long as the possible changes in the general shape of the standard schedules and timing of the demographic events are properly modeled by the relevant summary parameters (e.g., mean or median age, interquartile range). Two tests in our previous publications (Zeng et al. , 2006 have corroborated the empirical applicability of Core Idea 4 of the ProFamy model, which employs national model standard schedules and summary parameters at the subnational level to specify projected demographic rates of the subnational regions in future years. A relatively detailed summary of these two tests is presented as Online Resource 1 (Appendix A).
Data and Estimation Issues
For household and living arrangement projections at the national and subnational levels employing the ProFamy model, a census microdata file that contains the variables of sex, race (optional), age, marital/union status, relationship to the householder, and whether living in a private or institutional household is required (see panel 1 in Table 1 ). Normally, the model standard schedules of fertility, mortality, and marriage/union formation and dissolution and international migration (see panel 2-I in Table 1 ) need to be estimated at the national level only, and they can be employed for projections at subnational level. The age-/sex-specific rates of domestic in-migration and out-migration at the subnational level can be estimated based on census or large survey microdata files (see panel 2-II in Table 1 ). Projected (or assumed) demographic summary parameters (e.g., the total fertility rate (TFR); life expectancy at birth (e 0 ); general rates of marriage, divorce, cohabitation, and union dissolution; total number of migrants; and mean age at first marriage and birth in the future years) are needed for projections at both national and subnational levels (see panel 3 in Table 1 ). In sum, using existing national model standard schedules and the ProFamy model, household and living arrangements projection at the subnational level require a census microdata file and the projected (or assumed) demographic summary parameters for the future years. Estimation of the required demographic summary parameters-the TFR, life expectancy at birth, total number of migrants, and mean age at first marriage and birth-is straightforward. Definitions and methods of estimation and standardization of general rates of marriage, divorce, cohabitating, and union dissolution are given in Zeng et al. (2006:6) ; the main points are summarized in Appendix B in Online Resource 1. As an illustration of the application, we also present in Appendix B the procedures for estimating the U.S. race-specific general rates of marriages, divorce, cohabitation, and union dissolution at the state level.
Empirical Assessments

Comparisons of Projections of Household and Living Arrangements and Census Enumerations in 2000 for Each of the 50 States and Washington, DC
A useful validation exercise for a demographic projection model is to project between two past dates for which the observations are known, and then compare the observed with the projected. To test whether the ProFamy extended cohort-component method and software work reasonably well at the subnational level, we conducted a set of empirical assessments of validation tests of household and living arrangement projections for each of the 50 states and Washington, DC, 9 all using the national race-/sex-/agespecific model standard schedules estimated based on the pooled national surveys data, 10 except that the race-/age-/sex-specific domestic migration rates are estimated based on the census 5 % microdata files for each of the 50 states and Washington, DC. The tests project from 1990 to 2000 using the 1990 census data as base population and summary parameters based on data before 1991 and then compare the projections with the census observations in 2000. These tests assume that we have no data after 1990 when projecting 1990 to 2000 and assess the accuracy of the projections using the ProFamy model in the real world (assuming that the 2000 census data are accurate) at the subnational level.
We use the percentage error (PE), mean absolute percentage error (MAPE), mean algebraic percentage error (MALPE), and median absolute percentage error (MEDAPE), which are the most commonly used measures of forecast errors (Smith et al. 2001:302-304) , to assess the validity of the household and living arrangement projections at subnational levels using the ProFamy approach. More specifically, the PE is defined as the difference between the ProFamy projections in 2000 and the census observations in 2000, divided by the census observations in 2000 and multiplied by 100 for each of the 50 states and Washington, DC. The MAPE and MEDAPE are, respectively, the average and median of the absolute values of PEs across all states and Washington DC, and 9 The numerical projections reported in this article were calculated with the ProFamy computer software program, which contains a demographic database of the U.S. age-specific schedules of demographic rates to assist users in making projections. The ProFamy software for household and living arrangements projections can be downloaded (http://www.profamy.com/). 10 National Survey of Family Households (NSFH) conducted in 1987 , 1992 National Survey of Family Growth (NSFG) conducted in 1983 , 1995 Current Population Surveys (CPS) conducted in 1980 , 1985 , 1990 MALPE is the algebraic mean of PEs (in which positive and negative values offset each other) across all states and Washington, DC. Figure 3 and Table 2 summarize the forecast errors based on comparisons of the total number of households; average household size; percentage of households with one, two to three, and four or more persons and couple-households; total population size; percentages of children, elderly (aged 65 and older), and oldest-old (aged 80 and older); and dependency ratios between the projections and the observations in the 2000 census for all states and Washington, DC. Among the set of tests of the 306 main indices 11 on household and living arrangements of the projections and the 2000 census observations in all 50 states and Washington, DC, 29.1 %, 33.9 %, 17.4 %, 12.9 %, and 6.7 % of the forecast errors are <1.0 %, 1.0 % to 2.99 %, 3.0 % to 4.99 %, 5.0 %to 9.99 %, and ≥10 %, respectively (Fig. 3, panel a) . The percentage distributions of the forecast errors of the main indices of population in the set of the tests comparing the projected with the 2000 census observations in all states and Washington, DC, are 29.7 %, 43.4 %, 16.5 %, 9.5 %, and 0.8 % are <1 %, 1.0 % to 2.99 %, 3.0 % to 4.99 %, 5.0 % to 9.99 %, and ≥10.0 %, respectively (see Fig. 3b ).
The MAPE and MEDAPE of the main household indices in comparisons between the projections and census observations in 2000 for all states and Washington, DC are all within reasonably small ranges of 1.6 %~4.7 % and 1.1 %~3.5 % (see the second and third columns of panel A in Table 2 ). The MALPE of average household size and percentage of 2 to 3 persons household are negative-at −0.56 % and −1.06, respectively-and all other MALPEs for household projections are positive, within a range of 0.04 %~2.91 % (see the fourth column of panel A in Table 2 ). Similar to those error rates of the main indices of household projections, the ranges of all forecast errors of the main population indices comparing projections and census observations in 2000 for all states and Washington, DC, are all reasonably small (see columns 2-4 of Table 2 , panel B). No significant associations between the forecast errors and population sizes of the states were found. This is similar to what was found in some other projections (ESRI 2007) .
Note that there are no fixed guidelines for the evaluation of population forecast accuracy, but we may compare ours with the others. Our household and population forecast errors from 1990 to 2000 at the subnational level are close to or even smaller than those population forecast errors by the U.S. Census Bureau (Campbell 2002) and some other institutions (e.g., ESRI 2007). According to previous studies, it is fairly common for some countries in the United Nations population projections to have 2 % to 5 % forecast errors for total population and 5 % to 10 % forecast errors for age-specific subpopulations in a 10-year projection period (e.g., Khan and Lutz 2008) . These prior forecasts and forecast evaluations provide the framework within which it can be stated that the validation tests results summarized in Fig. 3 and Table 2 show that the forecast errors of household and population projections at the subnational level using the ProFamy 11 We compare six main indices of household projections and six main indices of population projections for each of the 50 states and Washington, DC, and thus both of the number of household indices and the total number of population indices under comparisons are 306. extended cohort-component method are within a reasonably and relatively small range. 12 It is uncertain what portions of the errors are due to the model specification versus to inaccuracies of the data. It is clear, however, that the ProFamy extended cohortcomponent approach for simultaneously projecting households, living arrangements, and population age/sex distributions work reasonably well not only at the national level, as shown in previous publications, but also at the subnational level. 12 We performed another set of the tests of projections from 2000 onward using ProFamy approach and data prior to 2001 and comparing the projections and the American Community Survey (ACS) observations in 2006 for each of the 50 states and Washington, DC. It turns out that 34.2 %, 35.0 %, 21.9 %, and 9.0 % of the percentage errors of the 306 indices of the household projections are <1.0 %, 1.0 % to 2.99 %, 3.0 % to 4.99 %, and 5.0 % to 9.99 %, respectively, and none is more than 10 %. A similar scale and pattern of forecast errors were also found in tests of projections from 2000 onward using ProFamy approach and data prior to 2001 and comparing the projected and ACS observations in 2006 and 2009 for the six SC counties and the M-S area (Wang 2009a (Wang ,b, 2011a . We did not present detailed results from these additional tests here (they are available upon request), mainly because the 2006 and 2009 ACS data may not be accurate enough to serve as a benchmark standard for the validation tests (Alexander et al. 2010; Swanson 2010) . (Fig. 3a) and six main indices of population (Fig. 3b) , for each of the 50 states and Washington, DC, based on 306 (0 6 × 51) pairs of comparisons between forecasts and the observations in Figs. 3a and b, respectively 
Comparisons of Housing-Demand Forecast Errors Between the Headship-Rate Method and the ProFamy Extended Cohort-Component Approach
As discussed earlier, compared with the still widely used classic headship-rate method, the ProFamy approach is theoretically advantaged and projects much more detailed household types/sizes and living arrangements. However, the ProFamy approach needs substantially more data than does the classic headship-rate method. This raises the question, Is it worthwhile to employ the ProFamy approach rather than the classic headship-rate method if users simply need projections of the home-based consumption demands, such as numbers of housing units by number of bedrooms, but do not care about the details of the household characteristics, including household types and sizes, marital/ union status, coresidence status with parents, and children of the reference persons? The following assessments are designed to answer this question.
We projected from 1990 to 2000 the numbers of housing units by number of bedrooms for each of the 50 states and Washington, DC, using the constant headshiprate approach (see Online Resource 1, Section C-1) and the ProFamy extended cohort-component approach with data before 1991 (see Online Resource 1, Section C-2). By comparing the projected and census-observed numbers of housing units occupied by private households in 2000, we estimated the error rates of forecasts of housing units by number of bedrooms. The error rates were estimated to evaluate the projections produced by employing the headship-rate method and the ProFamy approach, respectively. As shown in Table 3 , the MALPE of forecasts based on the constant headship rates for the zero-/one-bedroom, 13 two-bedroom, three-bedroom, 13 The zero-bedroom housing unit term means that the bedroom is mixed with the living room. and four-bedroom housing units are −18.67 %, 5.01 %, 4.30 %, and −3.23 %, respectively; this contrasts with −6.25 %, 2.51 %, 1.38 %, and 1.15 %, respectively, based on the ProFamy approach. The MAPE and MEDAPE of forecasting based on the constant headship rates for the zero-/one-bedroom, two-bedroom, threebedroom, and four-bedroom housing units are, respectively, about 114.4 % to 128.4 %, 20.4 % to 37.0 %, 13.2 % to 27.9 %, and 24.4 % to 53.4 % higher than those based on the ProFamy approach. Even if one uses the changing headship rates based on regression or another trend extrapolation method to correctly project numbers of households, it is still possible that the headship rates may result in biased projections of household consumption demands, which largely depend on household size (Myers et al. 2002) because the headship-rate method excludes household size. To test this hypothesis, we conducted another assessment in which the changing headship rates are assumed to produce the same numbers of households as those observed in the 2000 census in each of the 50 states and Washington, DC (for details, see Online Resource 1, Sections C3-C4). We estimated average forecast errors by comparisons between the 2000 census observations and the adjusted projections of the housing units in 2000 based on the changing headship-rate method and the ProFamy approach, respectively, across all states and Washington, DC; see Table 4 .
The empirical assessments show that after making the adjustments described earlier herein, the average negative-forecast error of zero-/one-bedroom housing units by the headship-rate method is reduced by 3.3 percentage points, but the forecast error is still substantially larger than that of the ProFamy approach. More specifically, the forecast errors of zero-/one-bedroom housing units measured by MALPE, MAPE, and MED-APE are, respectively, -15.35 %, 15.45 %, and 16.50 % for the headship rate, in contrast with −6.37 %, 8.24 %, and 7.73 % for the ProFamy approach (see Table 4 ). The forecast error rates of MALPE for two-bedroom and three-bedroom housing units by the headship-rate method are 5.96 % and 3.71 %, respectively, in contrast with 2.46 % and 1.41 % by the ProFamy approach. On the algebraic average criterion, the headship-rate method downwardly projected four-bedroom housing units by −4.23 %, while the error rate for four-bedroom housing units by the ProFamy approach is 1.22 %. The forecast errors listed in Table 4 show that, compared with the ProFamy approach, the headship-rate method produced substantially more serious negative forecast errors for the zero-/one-bedroom and four-bedroom units, and positive forecast errors for the two-bedroom and three-bedroom housing units.
Decennial census data facilitate understanding and interpretation of these results. Compared with 1990, the one-person, two-person, three-person, four-/ five-person, and six-or-more-person households in 2000 increased by 20.6 %, 16.9 %, 9.2 %, 9.3 %, and 15.1 %, respectively. Clearly, American households with one person (which likely need one bedroom), two persons (which more likely need two bedrooms), and six or more persons (which more likely need four bedrooms) 14 increased substantially faster during this decade than (2004) found for the Austria vehicle projections using the ProFamy approach compared with the headship-rate method.
Illustrative Applications at the Subnational Level
To further illustrate the potential of the ProFamy extended cohort-component method, we conducted household and living arrangement projections from 2000 to 2050 for each of the 50 states and Washington, DC, each of the six counties of SC, and the M-S area. Because of space limitations and given the nature of illustrative applications, we present only the main results of the projections.
Data and Parameter Assumptions
The data sources for the projections are listed in the last column of Table 1 . As discussed in Core Idea 4 earlier, we apply model standard schedules of race-/sex-/agespecific demographic rates (except domestic migration rates) estimated based on national data sets for household and living arrangement projections for each state; Washington, DC; SC counties; and the M-S area. Based on the 2000 census 5 % microdata, we estimated race-/sex-/age-specific probabilities of domestic outmigration from each state; Washington, DC; SC counties; and the M-S area to the rest of the country. We also estimated and race-/sex-/age-specific frequencies of inmigration from the rest of the country to each state; Washington, DC; SC counties; and the M-S area (see Appendix D in Online Resource 1 for details).
The race-/sex-specific life expectancies at birth and the race-/parity-specific TFRs from 2000 to 2050 for each state; Washington, DC; SC counties; and the M-S area in the baseline and future years were estimated/projected based on the regional data in reference to the medium assumptions of the Census Bureau population projections (Hollmann et al. 2000 ; U.S. Census Bureau 2008). The numbers of domestic inmigrants and out-migrants as well as the international net migrants for each state; Washington, DC; SC counties; and the M-S area are estimated based on the combined data from the ACS from 2000 to 2006; the migration parameters are assumed to be constant after 2006.
The procedures for estimating the general rates of marriage/union formation and dissolution in 2000 at subnational level are discussed in the third section of this article and Online Resource 1, Appendix B. Instead of constant assumptions, timedependent changes were specified for some of the parameters for the period of 2000-2010 so that the projected values for 2010 were consistent with the 2010 census' corresponding main results. These parameters include the race-specific general rates of marriage/union formation and dissolution, race-/age/-sex-specific proportion of persons who live in group quarters (PGQ), race-/sex-specific proportion of those aged 45-49 who do not live with parents (PNP), race-/household size-specific average number of other relatives (other than spouse/partner, parents, and children) and nonrelatives living in the same household (ARNR). This is similar to the practice adopted by other demographic projections in which an earlier census year is the starting point of the projection, the most recent census year is within the projection period, and the main results of the most recent census are published, but its detailed microdata to derive the base population of the projections are not yet available (U.S. Census Bureau 2008). The race-specific general rates of marriage/union formation and dissolutions, PGQ, PNP, and ARNR from 2010 to 2050 are simply assumed to be constant at the 2010 level in our medium projection.
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Four race groups (non-Hispanic white, non-Hispanic black, Hispanic, and non-Hispanic Asian and others) defined by the Census Bureau are distinguished in 14 states in which each of the four racial groups has a sufficiently large population size for the projection. Because of the small population sizes of the minority groups, three racial groups (non-Hispanic white, non-Hispanic black, and Hispanic plus Asian and others) are distinguished in 13 states, and two racial groups (non-Hispanic white, and all other races combined) are distinguished in another 13 states. Only one race group (white and others) is distinguished in 11 states because the population size of all nonwhite groups combined in these states is not sufficiently large for distinct projections.
Low and High Bounds of Household and Living Arrangement Projections
To explore the possible low and high bounds of household and living arrangement projections, we examined small-and large-family scenarios. The small-family scenario assumes that, compared with the medium projections, the general rate of divorce and general rate of cohabitation union dissolution are 15 % higher in 2025 and 25 % higher in 2050, and the general rates of marriage and of cohabitation are 15 % lower in 2025 and 25 % lower in 2050. To obtain the TFR, e 0 , and number of international migrants in 2025 and 2050 for the small-family scenario, we multiplied our medium fertility (TFR), medium mortality (e 0 ), and medium international net migration in 2025 and 2050 by the ratios of the low TFR, low mortality (high e 0 ), and low international net migration to the corresponding medium variants adopted by the Census Bureau's population projection in 2000 (Hollmann et al. 2000) . This small-family scenario assumes increasing marriage/ union dissolution, decreasing marriage/union formation, decreasing fertility and mortality, 16 and receipt of fewer international immigrants. We expect that such a combination of demographic rates results in low bounds of household size and 15 One common approach in population projection is to hold some of the current demographic rates constant throughout the projection horizon (e.g., Day 1996; Treadway 1997). Smith et al. (2001:83-84) argued that neither the direction nor the magnitude of future changes can be predicted accurately, and thus if upward or downward movements are more or less equally likely, the constant demographic rates provide a reasonable forecast of future rates. 16 Low mortality may (1) reduce the U.S. average household size through increasing number of elderly households that are mostly small (one or two persons) and (2) increase the size of some households by increasing the survivorship of adults and children in these larger households. The effects of the latter may be smaller than those of the former because a further decrease in adult and child mortality in the United States is limited, but the prolongation of elderly life span may have larger effects. percentages of married-or cohabiting-couple households, and high bounds of percentages of one-person households, single-parent households, and so on.
The large-family scenario assumes that, compared with the medium projections, the general rates of divorce and of cohabiting-union dissolution are 15 % lower in 2025 and 25 % lower in 2050, and the general rates of marriage and of cohabitation are 15 % higher in 2025 and 25 % higher in 2050. To obtain the TFR, e 0 , and number of international migrants in 2025 and 2050 for the large-family scenario, we multiplied our medium fertility (TFR), medium mortality (e 0 ), and medium international net migration in 2025 and 2050 by the ratios of the high TFR, high mortality (low e 0 ), and high international net migration to the corresponding medium variants adopted by the Census Bureau's population projection in 2000 (Hollmann et al. 2000) . This large-family scenario assumes that the family will regain its traditional values with decreasing marriage/union dissolution, increasing marriage/union formation, and increasing fertility, accompanied by a larger number of international immigrants and relatively higher mortality. The combination of demographic rates in the largefamily scenario results in high bounds of household size and percentages of marriedor cohabiting-couple households, and low bounds of percentages of one-person households, single-parent households, and so on.
The general rates of marriages, divorces, cohabitations and union dissolutions, TFR, e 0 , and number of international migrants for all individual years between 2010, 2025, and 2050 in all scenarios are linearly interpolated. The assumptions that there will be 15 % and 25 % increases (or decreases) in general rates of marriage, divorce, cohabitation, and union dissolution in 2025 and 2050, respectively, constitute our educated guesses about the largest possible changes in marriage/union formation and dissolution in the next few decades. Although we made these guesses with reference to the available time series data of the general rates, they are largely arbitrary because of uncertainties about future trends. Nevertheless, similar to conventional deterministic population projections of low and high variants that formulate possible bounds of population growth, our small-and large-family scenarios formulate possible low and high bounds of future household and living arrangements distributions.
A Summary of the Projection Outcomes
The relatively detailed numerical outcome of the medium projections of the main indices in 2010, 2020, 2030, 2040, and 2050 and the low and high bounds after 2010 for each of the 50 states; Washington, DC; the six SC counties; and the M-S area are presented in the tables in Online Resource 2. These tables also include the available census observations for comparing the projected and observed in 2010. We summarize here the insights from the main indices of the decennial projections but cannot present the details because of space limitations.
As shown in Table S1 of Online Resource 2, the average household size would decrease moderately and pervasively in almost all states and Washington, DC, in the 2000-2020 period from an overall mean of 2.58 for the whole country in 2000 to 2.52 (SI: 2.48~2.55) in 2020; here and throughout, SI refers to the scenarios interval of the low and high bounds, and the number preceding the SI is the medium variant. The average household size may continue to decline after 2020 in 46 states but at a slightly slower rate compared with the period of 2000-2020, from an average of 2.44 (SI: 2.40~2.48) in 2020 to an average of 2.36 (SI: 2.14~2.61) in 2050 in these states. In the other four states (California, Colorado, Maryland, and New Jersey) and Washington, DC, the trend after 2020 is different: the average household size may slightly increase from 2.54 ( Table S2 ).
The projected declines in the proportion of the one-person households in the six SC counties during the entire period of the first half of this century after 2020 are likely due to the large racial differences and changes in the racial compositions. Although the proportions of one-person households will increase substantially among all racial groups in the next few decades, the Hispanic population-which has the lowest proportion of one-person households and largest average household sizewould compose a substantially higher percentage of the total population in the future in the six SC counties. For example, the proportion of one-person households of the Hispanic group was 0.099 in 2000 in the six SC counties, but the corresponding figures for the non-Hispanic white, non-Hispanic black, and non-Hispanic Asian and others groups were 0.30, 0.288, and 0.19, respectively. The Hispanic group, which made up 40.6 % of the total population in 2000, will be the majority in 2020 (53.5 %) and 2050 (65.8 %) in the six SC counties. Consequently, such racial composition changes would result in the decline of proportion of one-person households for all races combined.
Husband-wife households will decrease moderately in almost all states (with a few exceptions of slight increases). Under the medium scenario, compared with 2000, the proportion of married-couple households among all households in 2020 will decrease by <5.0 % in 6 states, 5.0 % to 9.99 % in 15 states, 10.0 % to 14.99 % in 14 states, and ≥15.0 % in 13 states. The decrease in the proportion of married-couple households will slow down considerably in the period 2020-2050: the proportion in 2050 would decrease by <5.0 % in 14 states, 5.0 % to 9.99 % in 19 states, 10.0 % to 14.99 % in 9 states, and ≥15.0 % in 6 states (see Table S3 , Online Resource 2). The proportion of cohabiting-couple households among all households would increase dramatically in the first two decades of this century: the proportion in 2020 would be higher than that in 2000 by <10 % in 3 states, 10.0 % to 29.0 % in 7 states, 30.0 % to 49.9 % in 11 states, 50.0 % to 69.9 % in 18 states, and 70.0 % to 89.9 % in 11 states under the medium scenario (see Table S4 ). The proportion of cohabiting households would remain relatively stable after 2020 in almost all states.
Directions of changes in the percentage of single-parent households in the first half of this century are diversified, increasing moderately in some states but decreasing moderately or remain more or less unchanged in the other states. The average percentage of single-parent households across all states and DC was 30.9 in 2000; it will be 30.8 (SI: 29.3~32.2) in 2020 and 33.1 (SI: 24.7~44.4) in 2050 (see Table S5 , Online Resource 2). Such patterns may be explained by the opposite effects of moderate declines in marriages and substantial increases in cohabitation, plus the stable divorce and union dissolution rates.
The aging trends shown in the results of household and living arrangement projections presented in Tables S5-S8 are striking. Under the medium scenario, compared with 2000, the proportion of elderly households (with householder ages 65 and older) in 2020 would increase by <10 % in 11 states, 10 % to 19.9 % in 17 states, 20 % to 29.9 % in 15 states, 30 % to 39.9 % in 4 states, and ≥40 % in 3 states. During the period 2020-2050, households aging will further accelerate. More specifically, compared with 2020, the proportion of elderly households in 2050 will increase by <20.0 % in 2 states, 20 % to 29.9 % in 24 states, 30 % to 39.9 % in 20 states, and ≥40 % in 4 states; Washington, DC, which attracts a lot of young inmigrants, is the exception (see Table S6 ). Compared with 2000, elderly households will have slightly more than doubled in Hawaii and New Hampshire and nearly tripled in Alaska by the middle of this century. Similar to the general pattern of increase in elderly households, the proportion of elderly aged 65+ and older living alone will increase dramatically and pervasively across all states (see Table S7 ). Table S8 demonstrates that the oldest-old (aged 80 and older) living alone will increase even more dramatically in the next a few decades across all states. The average percentage of the oldest-old living alone across all states and Washington, DC, will be 1.48 (SI: 1.44~1.51) in 2020 and 2.41 (SI: 1.85~2.96) in 2050, representing a 23.8 % increase in 2020 and slightly more than a doubling in 2050 compared with 2000, under the medium assumption. Under the medium scenario, between 2000 and 2050, the percentage of oldest-old living alone will increase by 44.5 % to 79.9 % in 7 states and by 80 % to 99.9 % in 14 states; will more than double (less than triple) in 24 states; and will more than triple in 5 states (Louisiana, South Carolina, Hawaii, New Hampshire, and Alaska).
Discussion and Concluding Remarks
Applying the ProFamy extended cohort-component method and national model standard schedules of age-/sex-/race-specific demographic rates based on the commonly available survey and census data, we have demonstrated that comprehensive and simultaneous projections of household, living arrangements, and population at the subnational level requires using a census microdata file and the projected (or assumed) demographic summary parameters. We conducted validation tests of household, living arrangements, and population projections from 1990 to 2000, and compared the main indices of the projections and the observed data in 2000 for each of the 50 U.S. states and Washington, DC. The results show that the extended cohort-component approach works well at the subnational level, with most absolute forecast error rates less than 3 % of observed values.
Our empirical assessments of the average forecast errors of demands of housing units by number of bedrooms through projections from 1990 to 2000 and comparisons of the projections with the census observations in 2000 for each of the 50 states and Washington, DC, have demonstrate that compared with the headship-rate method, the extended cohort-component approach results in substantially smaller forecast errors. This is because there will be more smaller households in the future in the United States and many other countries, but the headship-rate method cannot project households by size, whereas the ProFamy approach projects detailed household size information. This advantage of using the extended cohort-component approach over the classic headship-rate method is also applicable to other kinds of projections of household consumption demands-such as vehicles (Feng et al. 2011; Prskawetz et al. 2004) , energy use (Dalton et al. 2008) , and other home-based products-which largely depend on household size.
For the purpose of illustrative applications, we calculated household and living arrangement projections from 2000 to 2050 with medium-, small-, and large-family scenarios for each of the 50 states; Washington, DC; six SC counties; and the M-S area. Among many interesting numerical outcomes of household and living arrangement projections with medium, low, and high bounds, the aging of American households over the next few decades across all state/areas is particularly striking. To our knowledge, these are the first comprehensive household and living arrangement projections by race, age of the householders, and various household types and sizes using conventional demographic rates as input for each of the state; Washington, DC; and some counties/areas in the United States.
Note that the ProFamy approach requires much more work for preparing the input data than does the headship-rate method. The choice between methods with different degrees of comprehensiveness and work amount depends on the user's needs. For analyses of socioeconomic planning, home-based consumption/service market study, academic simulations, or policy scenarios-which need detailed projections of household types, sizes, and living arrangements using demographic rates as input-using the ProFamy approach is preferable. If a simple and quick projection of the number of households with no need for detailed household types and size information is sufficient for the purpose of a projection and no requests for home-based consumption/service forecasts, the headship-rate approach-which requests fewer data, with a lesser amount of work at a low cost-may be a rational choice.
Limitations of the present study and potential for further investigations should also be noted. First, our projections of the demographic summary parameters are based on trend extrapolations and expert opinions. Thus far, we have not included other socioeconomic factors relevant to changes in demographic parameters, and this can be done in future research. Second, we discussed the main results of all races combined because of space limitations, and analysis of many other detailed state-/ race-specific projection outcomes may be an interesting topic for the further research. Third, the ProFamy model cannot be directly applied to project households and living arrangements for small areas, which do not have adequate data to estimate the needed demographic parameters. However, it is possible to project household and living arrangements for small areas, employing the well-established ratio method and the projection of the small area's parental region (a state or province or large county/city) produced by the ProFamy approach. The ratio method is frequently used for population projections of small areas because its data requirement are minimal, it is easy to apply, and the accuracy of its projections often is reasonably acceptable (Rao 2003; Smith 2003; Smith and Morrison 2005; Smith et al. 2001) . In applications of the ratio method combined with the ProFamy approach, household and living arrangement projections for the parental region must be done first. An analyst then can calculate the proportions of the indices of households and living arrangements of the small area in the parental region in the baseline census year. Assuming that the proportions are constant (constant-share) or changing (shift-share) for the projection period, the projected indices of the parental region produced by the ProFamy approach then can be multiplied by the proportions to derive the relatively detailed household and living arrangement projections for a small area. 
